Introduction
A large number of saprophytic fungi present in our environment can cause allergic diseases in humans [1 Á/ 3] . Among the known allergenic fungi, members belonging to Aspergillus, particularly A. fumigatus are more frequently involved in human diseases [2] . A. fumigatus causes generalized invasive aspergillosis, and various forms of allergies in addition to saprophytic colonization in preexisting cavities of lungs. Allergies inflicted by Aspergillus include asthma, allergic bronchopulmonary aspergillosis (ABPA), allergic fungal sinusitis, and hypersensitivity pneumonitis. According to the classification of Gell and Coomb classification of hypersensitivity, allergic asthma is mediated by type 1 allergy with high serum IgE, while hypersensitivity pneumonitis is a type 4 immune response with no IgE antibody. ABPA, however, demonstrates a mixed immune response representing type 1, 3, and 4. The present discussion will focus on antigens and immune responses in ABPA [4] .
ABPA is an allergen-induced immunological disease of the lung characterized by increased IgE and IgG response, enhanced peripheral blood eosinophilia, and fleeting pulmonary infiltrates. Immune responses comprise both a humoral arm, mediated by the production of specific IgE and IgG antibody, and a cellular arm, mediated by T cells, T cell products, and other accessory and effector cells. Various cytokines and other modulators resulting from the interactions of the antigen and the cells of the immune system are responsible for the pathology of the disease [2, 4] .
Antigens of Aspergillus
The crude extracts from Aspergillus have been used for evaluating patients with possible ABPA. These antigens have inherent drawbacks because of the lack of reproducibility and consistency and frequent cross reactivity with other antigens [5, 6] . Culture filtrate, cell sap, and cell wall antigens have been studied in the past for developing reliable reagents for immunodiagnosis of allergic diseases [7] . These extracts show considerable variation in their chemical composition, number of components, and in their reactivity with antibodies. These variations are primarily due to growth conditions, the nutrient/media used to grow them, and the genetic differences among the strains used for antigen preparation. The presence of various toxins, proteolytic enzymes, and non-antigenic materials also contribute significantly to the quality of the antigens.
Extracts from A. fumigatus have been further characterized as to their chemical nature and attempts have been made to purify them by conventional methods. Chemically these antigens can be classified broadly into proteins, polysaccharides, and glycoproteins. On interaction with the immune system these antigens produce antibodies and factors mediating the disease. In allergic diseases, particularly in type 1 allergy, it is IgE antibody and Th2 cytokines that modulate the disease process. In hypersensitivity pneumonitis, IgG antibody is consistently demonstrable, while the immune response is frequently of a Th1 type of cell-mediated immunity [8] . Over 100 allergens have been reported from fungi, including more than 20 antigens from A. fumigatus. Based on the physico chemical properties, these allergens have been classified as enzymes, such as proteases and enolases, transport proteins such as lipocalins, and regulatory proteins such as heat shock proteins. Other allergens possess diverse chemical nature and unknown biochemical functions and activities.
Crude antigen extracts
All the earlier investigations depended on crude mycelial and spore extracts from stationary or aerated cultures of Aspergillus grown in synthetic or complex media. Antigenic components in these preparations vary considerably. Similarly, metabolic antigens secreted outside the cells into the broth have also been isolated and used in various in vitro and in vivo assays for the diagnosis of Aspergillus allergies.
Native antigens purified from crude Aspergillus extracts
As the crude antigens contain a mixture of proteins, glycoproteins, carbohydrates, toxins, and inert components, attempts have been made to purify the active components. However, most of these conventional methods involve harsh physical and chemical treatments, which have adverse effect on the antigenicity. There has been considerable research into purifying relevant antigens from Aspergillus. These include fractionation methods such as size exclusion chromatography, affinity chromatography using monoclonal antibodies, partition chromatography, electrophoresis, isoelectric focusing, and chromatofocusing [1, 7, 9, 10] . None of these methods have yielded relevant allergens useful in the diagnosis of Aspergillus -induced allergies.
Polysaccharide antigens
Polysaccharide fractions isolated from cell wall or cytoplasm of Aspergillus sp. were reported to demonstrate cross reactivity with other fungal antigens [7, 11, 12] . This limits their scope as diagnostic allergens for ABPA or other Aspergillus -induced diseases. Galactomannan antigen was isolated from mycelial extract using sequential chromatography on anion exchange and Con A affinity columns. Cell wall galactomannan of Af shows structural similarities to galactomannan of A. flavus, and A. niger. The demonstration of galactomannan in the serum of patients with invasive aspergillosis has been suggested to be a useful criterion for diagnosis. Recently, fungal extracellular polysaccharides (1 Á/ /3)-glucan has been reported as a good marker to estimate overall levels of fungal concentration in dust samples of patients' residences [13] . -2005 ISHAM, Medical Mycology, 43, S189 Á/S196 S190 Kurup
Protein allergens from Aspergillus
A number of proteins, particularly proteases, have been reported from A. fumigatus. Among these enzymes, proteinase, elastase, ribonuclease, chymotrypsin, catalase, and superoxide dismutase are the predominant ones [7, 14] . Out of 22 antigens recognized from Aspergillus, 13 showed various enzyme activity and reacted with sera of ABPA patients [15] . Schonheyder et al . [16] recognized a 250 kDa enzyme, possibly a tetramer of catalase showing binding to IgE, from the sera of patients with cystic fibrosis (CF) and ABPA. Another 90 kDa catalase antigen was reported from A. fumigatus that detected specific antibodies in more than 90% of the sera of aspergilloma patients [17] . An antigenic component of Af with chymotrypsin-like activity was isolated by Tran-van Ky et al . [15] and found to be more specific to aspergilloma.
Glycoproteins from Aspergillus
A number of glycoprotein antigens from Af have been isolated using Con A affinity chromatography [18] . The high MW glycoprotein antigens from hyphae or culture filtrate preparations were purified using conventional methods and used to detect specific IgE in the sera of ABPA patients. An acidic glycoprotein (45 kDa) was isolated from cell sap, which contained four polypeptide fragments and showed strong reactivity with ABPA sera. Of the four glycoprotein antigens isolated using gel filtration, IEF, and affinity chromatography from crude Af extract, two Á/ Ag7(150Á/200 kDa) and Ag13 (70 kDa) Á/ bound to Con A and reacted with antibodies in the sera of ABPA and aspergilloma patients [19] . We have identified 18 antigen bands by crossed-immunoelectrophoresis, of which 12 Á/14 bands showed Con A binding activity indicating their glycoprotein nature [20] . Using two-dimensional electrophoresis, antigenic fractions containing 20, 40, and 80 kDa size components with strong antibody binding to sera of ABPA patients have been isolated [21] . Using gel filtration and SDS-PAGE, a major allergenic protein (group 55) has been purified from water soluble extract of Af. This protein has N-glycosidically linked oligosaccharides and showed specific IgE binding on immunoblot with the sera of ABPA patients [22] . A 45 kDa glycoprotein allergen was purified and characterized, which on deglycosylation lost the IgE reactivity, but retained the IgG binding with patient sera [23] . A glycoprotein of 66 kDa was purified by ammonium sulfate precipitation, and immunoaffinity chromatography showed IgE reactivity when tested by crossed-radio-immunoelectrophoresis and ELISA using sera of patients with ABPA and those with CF and ABPA [24] .
Recombinant antigens
The search for reliable and pure antigens has continued in spite of the difficulties faced with conventional fractionation. In recent years, molecular biology techniques and gene cloning procedures have attracted attention for obtaining purified antigens. Currently, a number of allergens from A. fumigatus have been cloned and the relevant proteins expressed in suitable expression systems [25] .
The cloning of allergens consists of the isolation of messenger RNA (mRNA) from 72 to 96 hour-old actively growing cultures. The total RNA from the mycelium of aerated cultures were extracted with guanidium isothiocyanate or using the newer commercial preparations available [26] . The mRNA was then purified using oligo (dT) cellulose chromatography and reverse transcribed to obtain cDNA [26, 27] . A cDNA expression library was constructed for screening sera containing allergen-specific IgE antibody from patients [26 Á/28] . The allergen encoding genes have been processed, and the proteins expressed with or without posttranslational modifications. Recently, phage-display libraries have been constructed to aid in the understanding of the immune responses of the allergens expressed [29] .
Among the various vectors used for expression of fungal allergens, the pET (pET expression protocol, Novagen, Madison, WI) has been the favored prokaryotic expression system [30] . In this system, expression of the target protein is induced by a T7 RNA polymerase in the bacterial host, Escherichia coli . The allergen expressed can be purified using a histidine tag at the N-or C-terminal end of the protein. Most of these allergens of A. fumigatus expressed and purified showed a similar skin-test reactivity and in vitro IgE binding with native allergens. Since the IgE binding of these allergens is frequently directed to the protein parts of the molecules, posttranslational modification of the antigen may not impart any significant role in the IgE binding. However, with antigens demonstrating posttranslational modifications, such as glycosylation, it is possible to express the clones in eukaryotic systems. One of the expression systems that have been used for high-level expression of recombinant proteins is the yeast Picchia pastoris. The target gene in Picchia is under the control of an alcohol oxidase promoter. Several A. fumigatus proteins and glycoproteins have been expressed using this system [30] .
Immunological response in allergic aspergillosis
The immune response of the host to invading microbes and their antigens results in clearance of the organism and in the induction of significant pathologic effects in the host. Continuous exposures to Aspergillus through either inhalation of conidia or fungal colonization in the bronchi result in late-phase asthmatic reactions [31, 32] . The eosinophilic infiltration and mast cell degranulation in response to Aspergillus allergens and IgE interaction leads to release of additional proinflammatory mediators that play a major role in the pathogenesis of ABPA [32, 33] . The degranulation products induce chemotaxis of eosinophils and other inflammatory cells such as activated CD4'/ lymphocytes. In addition, anti-Aspergillus antibody enables soluble antigens and mycelial fragments to penetrate and deposit in the lung parenchyma [34, 35] . One of the important immune responses of patients to Aspergillus antigens is immediate skin test reactivity, mediated mainly by IgE antibody. The late reaction (Arthus reaction) to Aspergillus allergens/antigens is the result of IgE-mediated mast cell activation or immune complex formation with Aspergillus antigens and antibody, which on binding to complement leads to cell lysis. Immune complexes of specific IgG and A. fumigatus antigens trigger the generation of leukotriene C4 from mast cells, which in turn promotes mucus production, bronchial constriction, hyperemia, and edema. However, the lack of vasculitis or deposition of complement and immunoglobulin in the vessel walls suggests ABPA as a non-immune complex-mediated disease, even though antibody responses are vigorous and there are circulating immune complexes in some of the ABPA patients [36] . Antibody-mediated cytotoxicity and delayed tuberculin-like allergic reaction in patients mediated by sensitized T-lymphocytes and lymphocyte-derived mediators are also reported in ABPA [37] . Granuloma formation in the lungs is not uncommon in ABPA [38] .
Humoral immunity
Specific humoral responses differ considerably in patients with different clinical forms of aspergillosis. Patients with ABPA demonstrate elevated levels of antigen-specific circulating antibodies of IgG, IgE, and IgA isotypes in their sera [39] . The predominant isotypes represented are IgG 1 and IgG 2 antibodies in ABPA patients. Aspergilloma patients show markedly elevated levels of specific IgG and IgM against carbohydrate and glycoprotein antigens, but usually show no IgE. Patients with Aspergillus skin testpositive asthma invariably show elevated IgE antibody production demonstrable in vitro. These differences in the A. fumigatus -specific antibodies in the serum samples of patients with ABPA, aspergilloma, and skin test-positive asthma suggest fundamental variations in the immune regulatory response to Aspergillus antigens in these disorders.
Cell-mediated immunity
The distinguishing characteristics of ABPA are the enhanced presence of IgE in the serum, Th2 cytokine expression, and proliferation and activation of eosinophils [4, 34, 40] . Other features reported in ABPA include Aspergillus antigen-specific in vitro proliferation of peripheral blood mononuclear cells (PBMCs) and active in vitro production of IgE by PBMC cultures [40, 41] . B-cells of patients with ABPA and patients with ABPA and CF spontaneously secrete IgE. Moreover, CD4'/ Th2 cells in ABPA patients secrete cytokines: interleukin-4 (IL-4), and IL-5. IL-4 enhances IgE synthesis of B-cells, while IL-5 induces the differentiation and recruitment of eosinophils [34] . Activated basophils also secrete cytokines and stimulate further activation of Th2 pathway, resulting in increased IgE and eosinophil production.
Aspergillus specific antibody in ABPA
Early diagnosis of ABPA is possible if sensitive in vitro methods and specific reagents are available to supplement the clinical features [42] . ABPA patients show a marked increase in IgG and IgE antibodies against the fungal extracts in their sera. The level of A. fumigatusspecific antibodies in the sera of patients with allergic asthma and ABPA vary and is used to differentiate these two diseases. Precipitating antibodies were demonstrable in up to 90% or more of patients with ABPA [2, 4, 5, 31, 43] . The reliability of laboratory diagnosis depends on the availability of reproducible antigen preparations. Antigen extracts currently available are hampered by the lack of purity, frequent cross reactivity with other fungi, and the presence of nonreactive components including toxins. Several semipurified antigens have been prepared with claims of predictable reactivity [9, 10] . Of the several immunoassays reported, agar gel double diffusion and ELISA are the most frequently used laboratory diagnostic tests for the diagnosis of ABPA [42] . Most laboratories all over the world use crude culture filtrate or mycelial antigens for detecting IgE and IgG antibodies in the sera of patients with ABPA.
Although a number of recombinant proteins having significant binding with IgE and IgG antibodies have been isolated, only very few studies have been carried out to evaluate these antigens. We have evaluated recombinant proteins from A. fumigatus, namely Asp f 1, f 2, f 3, f 4, and f 6, by ELISA using sera from Switzerland and the United States [42] . All the antigens and sera were evaluated by ELISA independently followed in the two laboratories. The results indicate that all five allergens reacted with IgE from ABPA, while Asp f 1 and Asp f 3 also showed widespread reactivity with sera from patients with allergic asthma. Recently, we have studied Asp f 1, 2, 3, 4, 6, 12, and 16 allergens against sera from ABPA skin test-positive asthmatics and normal controls [44] . Although significant antibody was detected in the serum of patients with ABPA, there was some overlap between the different groups.
Our group recently investigated Asp f 1, f 2, f 3, f 4, and f 6 from A. fumigatus for demonstrating IgE and IgG antibody in the sera of patients with CF, and compared the ELISA results with ImmunoCAP using the same sera (Fig. 1) . Patients with CF and ABPA showed strong reactivity with all allergens studied except Asp f 6 by ELISA. However, CF and asthma sera also reacted with Asp f 1, f 2, f 3, and f 4 by both procedures. Thus, it is evident that certain antigens have a better predictability than others. The results of our study indicate that both ELISA and ImmunoCAP results correlated closely with the clinical diagnosis. It was found that ABPA without CF can be differentiated from skin test-positive asthmatics and normal controls using ELISA or ImmunoCAP, using purified Af allergens, particularly Asp f 1 and Asp f 3 (Fig. 2) . However, this differentiation is not feasible in patients with CF. The presence of IgE antibody to Asp f 12 and Asp f 16 in patients with ABPA and CF showed considerable variation in ABPA and ABPA with CF patients [44] .
CF-ABPA patients with disease activity frequently showed strong IgE response against Asp f 2, f 3, and f 4 compared to the levels before exacerbation. Although enhanced IgG1, 2, and 4 levels against Aspergillus have been demonstrated in CF-ABPA, there was considerable overlap detected with CF with Aspergillus coloni- zation, but no ABPA [45] . Other antibody isotypes such as IgA, IgG 2 , and IgG 3 reacting to various Aspergillus antigens have been recognized in the sera of CF patients, but the titers were not significant when compared to non-ABPA and ABPA sera.
Engineered allergens
The immune response of the molecule depends on its ability to interact with immune cells. The antibody binding to epitopes may be based on the conformational or linear sequence of the amino acid residues of the allergens. Molecules can be engineered for enhancing or depleting the reactivity of allergens by the deletion of linear epitopes, alteration of the conformation (by constructing the proteins by selectively removing 'N,' 'C' or both 'N' and 'C' terminal ends), mutating the key amino acids in the epitope, and by altering posttranslational changes. Deletion mutants were constructed from Asp f 2, f 3, and f 4 and the expressed proteins evaluated against antibody in the sera of ABPA, asthma and normal controls [46 Á/49] . The N-terminal or C-terminal deletion mutants, whether glycosylated or not, showed weak reactions with sera compared to whole length proteins. Mutants with both 'C' and 'N' terminal deletions failed to react with IgE antibody from any of the ABPA patients studied [30] . Asp f 3 showed strong binding to IgE even when the 'C' terminal end was deleted, while deletion of other epitopes resulted in no IgE binding. Asp f 4 also retained IgE binding when one or two epitopes from the 'C' terminal end were deleted [47] .
When Asp f 2 protein was expressed with cysteine residue mutated to alanine, the alteration in the sulfhydryl group and disulfide bonds results in marked changes in the IgE binding of the molecule. The mutation of C204C to 204A resulted in complete loss of IgE binding, and the results also indicate that C267 is responsible for strong IgE binding [49] . Asp f 4 also demonstrated the need for intact C-terminal cysteine residues for strong binding to IgE [47] .
Cell-mediated immunity in patients has been demonstrated using several recombinant Aspergillus antigens. Most of the crude extracts of A. fumigatus failed to effect consistent stimulation of peripheral blood mononuclear cells (PBMC) from ABPA patients. This may be due to the toxic effects of some of the components or due to the presence of inert non-antigenic components in the antigens. It was found that Asp f 2 is capable of stimulating PBMC from patients with ABPA [50] . Using T cell cloning, a number of cell lines were generated and the epitopes were mapped. The epitopes involved in T cell activation were mapped using overlapping synthetic peptides to stimulate the cell lines. Based on peptide-induced stimulation of T cell clones and IL-4 and IL-5 secretion, we found that epitopes consisting of amino acid residues from 54 Á/74 were T cell stimulatory. On further analysis, two T cell epitopes, representing amino acids 54Á/68 and 60 Á/67, were identified. These two epitopes have also been shown to be essential for the binding of IgE from patients with ABPA [50] .
Antigens in immunotherapy and vaccination
Specific immunotherapy and vaccination are the probable means for controlling type I allergy [51 Á/53] . In all the earlier studies, crude allergens have been used as immunotherapeutic agents. As a result of a clearer understanding of the pathogenesis of the disease in recent years, attention has been directed to reversing the Th2 type of response to a Th0 or a Th1 response in patients. Several major directions have been taken in immunotherapy of IgE-mediated allergy, which include peptide immunotherapy, immunotherapy using immunostimulatory sequences (ISS-ODN), and naked DNA vaccination [54] . The peptide immunotherapy utilizes synthetic peptides and engineered allergens.
Allergen-specific immunotherapy may aim for prophylaxis of atopy, induction of tolerance, or modification of ongoing immune responses [52, 53] . Although attempts have been made with other allergens to induce T cell non-responsiveness in patients by selectively administering major T cell epitopes, no such studies have been carried out with A. fumigatus allergens. We studied Asp f 2, a major A. fumigatus allergen, and constructed a number of deletion and point mutants [30, 49] . Some of these mutated proteins, while stimulating T cell proliferation with patients' cells, failed to bind to IgE in the sera of patients and mice immunized with the allergen. These candidate allergens for immunotherapy require further evaluation. Similarly, the potential role for the synthetic peptides as an immunotherapeutic agent in allergic aspergillosis based on the current findings needs further evaluation [53, 55] .
Another approach is the use of immunostimulatory CpG oligonucleotides (CpG-ODN) vaccines against IgE-mediated allergy [54] . Immunization with DNAbased vaccines, such as plasmid DNA of major A. fumigatus antigens or allergen and ISS-ODN coadministered, results in reversal of the Th2 response to that of a predominantly Th1 response. There was a marked shift to a Th1-type of response as evidenced by the threefold increase in specific serum IgG 2a in ISS-treated BALB/c mice compared to mice treated with antigen alone [54] .
Conclusions
Aspergillus -induced allergy comprises a major group of disease among ailments caused by Aspergillus. Until recently, the diagnosis of allergy was cumbersome owing to the lack of defined purified fungal antigens. The emergence of purified Aspergillus allergens through molecular cloning has enhanced the reliability of in vitro immunological tests as well as skin tests for diagnosis of the disease. The cross-reactivity among fungal allergens and lack of specificity of the tests has attracted attention, leading to more specific and reliable antigens by engineered molecules. With a group of selected Aspergillus allergens, the specific IgE against A. fumigatus could be demonstrated in the sera of patients with ABPA. However, the success of demonstrating Aspergillus recombinant allergen-specific IgE in the sera of patients with CF and ABPA is still unsatisfactory. Delineating the structure and function of the antigen molecules and their interaction with immune system may provide improved diagnosis, understanding of the immunopathogenesis, and will assist in the development of immunomodulatory therapy.
